A procedure is presented whereby the fossil fuel community may design and mix SRMs in different proportions and thereby produce in their laboratory standards for sulfur in distillate fuel oil, residual fuel oil, and coal of almost any desired concentration with uncertainties that are calculable and traceable to NIST SRM certified values. The expanded uncertainty, U, of a binary blend is always less than the U of the component with the largest U, and in some cases it is less than either of the SRM components. Because the sulfur content of all fossil fuel SRMs was certified at NIST with high accuracy and precision by isotope dilution thermal ionization mass spectrometry, in almost all cases the total expanded uncertainties of the standards produced from binary mixtures are an order of magnitude smaller than the reproducibility of current methods used in commercial laboratories. The use of this method gives the SRM user a continuum of concentrations available for calibrants and quality control test samples. Unlike calibrants prepared from high purity components, this method enables the SRM user to create a customized series of calibrants in the fossil fuel matrix of interest. This should reduce or eliminate biases that result from differences in matrix composition among standards and unknowns.
List of Notations

Introduction
Instrumental chemical determinations are commonly performed by measuring the response of an unknown and comparing it to the response produced by a standard of known concentration or to a response calibration curve constructed using several standards that cover the concentration range of the unknowns. A polynomial function is frequently used to interpolate between the predetermined calibration points. The accuracy and precision of the results depend on the accuracy of the standards, the precision of the method, and quantified systematic (Type B) uncertainties. One source of systematic error results from difference in response of the analyte in the sample from that in the standard. This can result from attenuation of the signal emitted or in the case where there is a sample preparation step, the yields being different for sample and standard. For example, in the determination of sulfur in liquid fossil fuels by x-ray fluorescence (XRF) it is well established that the emission of K" line is dependent on the C/H ratio in the sample. In the case of combustion techniques the analyte yields may not be identical for different matrices because the conversion efficiency of various 2 forms of sulfur to SO may be different. Both of these systematic uncertainties, which are difficult to quantify, can be greatly reduced or eliminated as the difference between the matrix of the standard and sample approaches zero.
Like other national metrology laboratories, NIST frequently receives requests for additional standards at concentrations specific to the needs of the user. To augment the existing suite of Standard Reference Materials (SRMs) for fossil fuels which currently include coals, cokes, crude oils, residual fuel oils, middle distillates, and gasolines, with additional standards at sulfur concentrations that might be needed by the user community would require a major effort. The approach (nicknamed the Designer Method) presented in this paper is intended to solve this problem. It will permit the user to design and prepare standards at any concentration desired and with uncertainties that can be calculated and traced to NIST SRM certified values. This is an excellent example of transfer of the high accuracy capability of isotope dilution thermal ionization mass spectrometry (IDTIMS), a method which requires expensive instrumentation and is labor intensive, to the user community via SRMs which permits finite resources to be leveraged to meet a broad continuum of need. This approach could be implemented immediately with existing SRM stocks, and be maintained in the future with fewer SRMs and a much smaller expenditure of resources. Standards at the level of accuracy obtained by IDTIMS are necessary for this method to be useful. The well established technique of IDTIMS determination of sulfur will be able to meet the accuracy requirements both now and into the foreseeable future. The method [1] [2] [3] proposed here will permit exact matrix matching of sample and standard at almost any concentration desired. This capability will permit the analyst to reduce the numeric interpolation to zero with a concomitant reduction in uncertainty. Although we focus exclusively on sulfur in fossil fuels, the method is also being developed for other analytes in fossil fuels such as mercury.
Reduction of the sulfur content in diesel and gasoline motor fuels is the single most important factor in efforts to reduce primary and secondary air pollution from existing and future diesel and gasoline engines. Alliance of Automobile Manufacturers and the Engine Manufacturing Association. The regulated upper sulfur limit in US on-road diesel fuel was dropped to 500 :g/g in 1993, and in June 2006 it was reduced to 15 :g/g. A further reduction to near-zero (< 5 :g/g) could be proposed before the end of this decade. Japan and Europe adopted a 50 :g/g limit in 2004 and 2005. Europe will phase in a 10 :g/g limit between 2005 and 2009 and Japan will adopt the same limit in year 2007. The incremental measurement challenges increase non-linearly as sulfur concentrations decrease from 500 to near zero levels. As the sulfur levels drop the demand for calibration standards will increase both in number and absolute accuracy. Petroleum refineries will need to ensure they are in compliance with regulations, but at the same time they will want to avoid reducing the sulfur content more than required because of the high costs of desulfurization by hydrogenation. The preparation of only three or four diesel fuel standards by NIST will permit the user community to prepare gravimetrically for themselves a continuum of concentrations between the end members which will meet all requirements that might arise both now and in the future. In principle, the minimum number to cover an entire range of need would be two SRMs for a given matrix -one on the low side and one on the high side of the range needed.
Almost all the methods used for sulfur in fossil fuel must be externally calibrated, and in many cases it is necessary to matrix match standards and unknowns to obtain bias-free results. The EPA is moving towards a Performance Based Quality System approach for the determination of sulfur in diesel fuel. This means that an analytical laboratory need not use only an EPA method for compliance, but may employ other methods demonstrated to yield accurate results. If these methods are sufficiently well calibrated, then they are considered to demonstrate the requisite accuracy. Likewise the sulfur content of coal and residual fuel oil must be determined accurately by both buyer and seller to ensure compliance with EPA regulations for sulfur emissions and contract specifications.
The "Designer" Method
This Designer method for making standards at user defined concentration levels is a simple, but effective, method of meeting calibration and quality control sample needs. Take two miscible diesel or kerosine SRMs and mix them gravimetrically to yield any target sulfur concentration between the two end member concentrations. This permits essentially a continuum of concentrations to be prepared between the two end member concentrations, and solves the long-standing problem of meeting and satisfying the demand for diesel fuel standards of many different sulfur concentrations. The actual preparation of the gravimetric mixes should be straightforward and their accuracy can be checked. It requires only a four-place balance with an uncertainty of less than 0.5 mg (see Appendix A). Ampoules could be poured directly into wide-mouth bottles on a balance because it is not necessary to mix to a specified value, but rather only necessary to be near a specified value and to know the mass of the mixing proportions accurately. After additions to the bottle it should be closed and mixed completely.
In this proposed method the two SRMs are of a same matrix; therefore, there is no change in the resulting matrix of the mixture, no matter the relative proportions. This is extremely important in matrix dependent methods, like XRF, a common and widely used technique. For example, XRF is subject to bias if there are differences in the C/H ratio between standards and unknowns. This method of making calibrants avoids this 6 problem. The accuracy of the blends would need to be checked by measuring the blends and comparing the interval between the measured values of the successive blends to the interval between their corresponding gravimetric value (NIST traceable). If the difference between intervals is less than the repeatability of the method, then the blends are considered successful.
In this paper examples of mixing ratios have been limited to 4 to 1, although more extreme mixing ratios are possible. For example, if only three SRMs were certified with sulfur concentrations of 10, 100, and 1000 :g/g, then this would permit the preparation of samples with sulfur concentrations of 10, 28 -82, 100, 280 -820, and 1000 :g/g sulfur. The high accuracy of the IDTIMS technique permits the certification of the end members to accuracies of approximately ± 1 to ± 5 :g/g or better over the concentration range of 10 to 1000 :g/g. This translates to expanded uncertainties of the mixtures that would be very small relative to the requirements of the petroleum community. In some cases, over a limited concentration range the absolute uncertainty of the blends can actually be smaller than that of either end member SRM as discussed in the next section.
The approach presented in this paper will permit users to design and mix standards at desired concentrations from binary mixtures of NIST SRMs, and to calculate the concentration and uncertainty in the resulting mixture which are then directly traceable to NIST values.
(1) (2)
Mixing and Statistical Considerations
There are several conditions that must be met: 1) the blends must be homogeneous, 2) there can be no sample loss during blending, 3) the resulting mixture must be of sufficient volume for the instrument being used, and 4) the mass of the two end members should be of sufficient size to make the weighing uncertainty negligible. In the case of XRF, a commonly used technique, the sample size needed is commonly about 5 mL, or about 4 grams. Condition #4 will be met if the sample mass of each end member is > 0.2500 ± 0.0005 gram (see Appendix A).
For the technique to be useful, in addition to the obvious need to know the concentration of the mixture, one must also be able to characterize credibly the uncertainty of the mixture. The concentration of a mixture, M, composed of two SRM end members, X and Y, is given by the following mass balance relation: 12 where f and f are the mass fractions of the respective end members subject to the condition that their sum equals unity. The concentrations, X and Y, are themselves 1j 1k
determined from experimentally measured quantities (x ...x and y ...y ), calculated 12 using functions F and F for NIST SRMs. The functions are essentially identical because the experimental technique is the same for all determinations, but there are differences in the way the input data are used in some cases. For example, regression by least squares is used for low level determinations such as SRM 2723a. In general, 7 deviations in M resulting from deviations in the input variables of X and Y can be approximated by the Taylor series expansion in the vicinity of the means :
where the overstrike designates means of the represented random variables. Equation (2) involves only two variables, but it should be noted that it may be necessary to consider all the variables in equation (1). For the sake of brevity the treatment is presented for two variables only. Squaring, denominating by n (sample size), and taking the Expectation yields the relationship:
The third term is a covariance term which is negligible if X and Y are independent or uncorrelated. If they are not independent, then it may be necessary to try to approximate it. In equation (3) both Type A and Type B uncertainties will appear and some cross products will be non-zero such as some uncertainties which correlate like those of the IDTIMS spike calibration. This has been evaluated by Monte Carlo simulation and found to be negligible.
Neglecting the covariance and higher order terms, a total expanded uncertainty , U, can be expressed as the following: 10 The first term is the appropriate Student's t factor for the effective degrees of freedom, eff t(< ), which can be calculated from the Welch-Satterthwaite relationship, equation (5) below.
The Welch-Satterthwaite relation reduces the uncertainty propagation by a small Figure 1a shows the difference between using the Welch-Satterthwaite relation versus using the simpler multiplier of 2 which is favored by some laboratories. The drop lines in the figure illustrate the difference in magnitude of the two approaches. The Welch-Satterthwaite is a more conservative approach typically yielding a bigger coverage factor leading to a larger expanded uncertainty. The figure illustrates that the difference between the two approaches differs little for 50-50 mixtures and that the curves approach each other as n increases.
However, as will be seen in subsequent examples, from a practical point of view either approach is acceptable relative to the magnitude of the reproducibility of ASTM methods at this time. Figure 1b is a hypothetical example of the uncertainty propagation derived using the Welch-Satterthwaite relation to calculate a 95 % confidence interval for a mixture composed of 10 and 100 :g/g end members both having the same absolute uncertainty of 1 :g/g (lines a, b, and c). Note that the minimum in the absolute uncertainty occurs at the equal mass mixture which occurs at 55 :g/g. If the uncertainties in the end members are equal, then the minimum in the absolute uncertainty always occurs at the 50-50 mixture (see Appendix B) and is equal to the common end member uncertainty divided by the square root of 2 times the student''s t factor for the effective degrees of freedom which approaches the sum of the end member degrees of freedom. Line c shows the effect of two different degrees of freedom of the end members. Line d shows the effect of a difference in the uncertainties of the end members on the uncertainty curve for n=12. This large value for n was used only to achieve visual separation of the curve from the other curves. As the difference between the uncertainties of the end members becomes larger the resulting propagated uncertainty becomes linear with concentration because the 11 22 standard deviation approaches either f s or f s depending on which dominates.
In this paper a third approach will be used which is simple, easy, conservative, and closely approximates the output from the more complicated Welch-Satterthwaite approach discussed above. This approach uses data directly from the SRM c certificates. The SRM certificates report the total expanded uncertainty, U, where u is the combined standard uncertainty and k is the coverage factor as shown in equation (6) . 9 The first quantity is rigorously defined, but there is some latitude in choosing the value for k. On all sulfur in fossil fuel certificates published since 1994 at NIST the value for k was determined using Welch-Satterthwaite and is typically about 2.3 although it may (7) (8) approach 4.3 for very low (< 10 :g/g) concentrations. In this paper the total expanded uncertainties for the mixes are calculated as: Therefore, if one uses the uncertainty directly from the SRM certificates, then equation (7) can be recast into equation (8) below in which one takes the expanded uncertainty i (U ) directly from the appropriate certificates. Figure 2 shows the difference among the different approaches for the case of mixing two NIST crude oil SRMs that were recently certified. The dark red line is a plot of equation (8) for the mixing of the two crude oil SRMs. It is clear that in this case equation (8) is an excellent approximation to the more complicated calculation involving equation (5) . In this paper, equation (8) will be used to determine the total expanded uncertainty for sulfur in the fossil fuel mixtures.
Sulfur in Diesel and Kerosine
NIST currently has six different diesel fuel SRMs and one kerosine SRM certified for sulfur concentration. The certified values and uncertainties are listed in Table 1 . There are 21 possible binary end member combinations and these are listed in Table 2 . The uncertainties are small enough to permit mixes below 50 :g/g with expanded 12 uncertainties below 1 :g/g. Varying the mixing fractions f and f of the two components chosen for each combination yields of course an infinite number of mixtures intermediate between each choice of end points. Figure 3a is a log-log plot of the uncertainty versus the mixture concentration for ten mixes. It demonstrates that there is essentially complete and continuous coverage between 2 :g/g and 3900 :g/g with the existing SRMs in Table 1 Figure 3a and 3b serve to indicate that it may be possible in the future to meet the entire ensemble of needs of the industry with only three or four SRMs of judiciously chosen sulfur concentration. The total expanded uncertainty in all the distillate fuel oil mixes is an order of magnitude smaller than the reproducibility of the current ASTM mix methods. The U is always lower than the U of either end member and in some cases lower than the U of both end members. Mixes 12 and 19 in Table 2 are unique because the uncertainty of these mixes decreases with increasing sulfur content.
As will be seen in Figure 3a , the current relatively large uncertainty of 5.7 :g/g for SRM 2724b dominates the uncertainty budget of any mixture in which it is included, but mixtures using the 8771-1671a pair give the same coverage. The same also applies to SRM 2723a ( see FIG. 3b ). But with even the relatively large uncertainty for SRM 2723a note from Table 2 that mixture #4 gives coverage between 2 to 9 :g/g with an expanded uncertainty of less than 1 :g/g. Both of these SRMs may be re-certified in the near future using our improved analytical capabilities which may reduce the uncertainty by a factor of two or more.
Sulfur in Residual Fuel Oil
Residual fuel oil is a heavy oil of relatively high caloric content left over from the refining of crude oil. It is used to fire boilers in electric generating plants, particularly in the northeastern US. The sulfur emissions from these plants are regulated by the EPA Uncertainties apply to values in previous column and are total expanded uncertainties a derived by application of equation (8) to end member certified uncertainties.
and a typical compliance fuel has a sulfur content of approximately 1%. It is quite common for a seller to blend two or more different fuel oils to a target sulfur value specified by the buyer. Therefore, it is absolutely essential to determine accurately the sulfur content of the resulting mixture to ensure that the target value for the consignment blend will be met. Since the first residual fuel oil standards were certified for sulfur by NIST in the early 1960s, their number has increased to six which now covers the entire sulfur range of interest from 0.4 to 4.5 % sulfur. The complete list of currently available standards is given in Table 3 . At the bottom of Table 3 are the first crude oil samples to be certified by NIST for sulfur. There are 15 possible binary combinations using the six residual fuel oil SRMs. This large number makes the optimal choice of end members somewhat difficult, but the graphical display of the solution presented in Figure 4 is straightforward. The solution requires three criteria to be met simultaneously: 1) complete coverage over the entire concentration range represented by the standards, 2) the uncertainties of the mixes must be as small as possible, and 3) the composite range be determined with the fewest number of SRMs. The red lines in Figure 4 show the 5 end member mixes that cover the entire range. The solid circles are the end members. Note that the distances between the end of the red lines and the SRM compositions (red circles) increase as the values of the end members increase. This figure also makes it easy to see which three end members could be used to make identical concentration mixes with identical uncertainties. This condition occurs at the intersection of lines. For example, line 4 intersects both lines 3 and 13. There is much redundancy for mixes in the 1.3 to 2 % concentration range. Table 4 lists the 6 best binary end member choices based on the graphical solution presented in Figure 4 . Table 4 lists the ranges in both the concentrations and the computed uncertainties of the resulting mixes. The last entry in Table 4 gives results for the mixing of the two crude oil SRMs, originally presented earlier in Figure 2 . Table  5 gives the ranges and uncertainties for remainder of the mixes. 
Sulfur in Coal
The determination of sulfur in coal is another case where the methods used in industry require external calibration. Commonly, the coal mining industry is interested in sulfur determinations in coal within a very narrow range of sulfur content which frequently falls between two standards requiring interpolation of varying degrees. An actual recent example of this is shown in the upper right corner of FIG. 5. A coal company produces coal of 4.2 % sulfur (unwashed) and after washing has a sulfur content of 3.5 %. Both of these values are between SRMs 2684b (3.076 % S) and 2685b (4.73 % S). The method described here may allow calibration mixes at or very near the concentrations of interest. Table 6 lists the 8 coal SRMs that are currently available. The coal SRMs have larger uncertainties than do residual fuel oils of comparable sulfur content because of their intrinsic heterogeneity resulting from variable mineral and moisture content. Because of this intrinsic heterogeneity, the best way to use this technique for coal standards would be to add the two components directly to the combustion crucible and combust the total sample. The moisture content would be determined on separate samples. The effect of moisture content on the sample mass determination has been studied in detail, and it was demonstrated that coals may exhibit "anomalous" drying profiles. Only coals of the similar rank should be blended to make calibration 11 standards. The mixing of SRMs of different matrices can not be assumed to yield blends that will yield the expected derived value when analyzed by a given method and, although sometimes possible, it is not recommended. This is clearly a problem when the instrument-response characteristics of the selected SRM end members are different. For example, coal and coke SRMs are not recommended for blending for subsequent analysis by methods that use high temperature combustion techniques because of their different burn profiles. But if the unknown sample were a mixture of coal and coke, then a calibration curve should be constructed from similar blends. The uncertainties for these three SRMs were calculated as 95 % a prediction intervals. 
Conclusions
The Designer method makes possible the construction of multipoint calibration curves at or near the concentration of interest. This method should be ideal for analytical techniques that require multi-point calibration curves such as XRF and combustion techniques or where the analyst wishes to bracket an unknown concentration with several calibrants. This last feature means that non-linear response of instruments can be easily overcome. The ability to design and prepare in one's own laboratory diesel fuel calibrants with a specific sulfur concentration and uncertainties that are calculable and traceable to NIST values gives the analyst the ability to bracket very closely any unknown diesel fuel which should translate to an unprecedented flexibility and accuracy capability in the petroleum sector laboratories.
In addition, just as NIST certified values are currently used to verify analytical methods, the designer blends can be used to create NIST traceable test samples and 12 Quality Control (QC) Test-Standards. These mixtures can be used to verify calibrations and the accuracy of subsequent results of unknowns derived from the calibration. Quality Control (QC) Test-Standards must be different from the blends used for the calibration curve, though they may be composed of the same parent SRMs.
Although the method described here is ideally suited for miscible liquids, it can be used for complete combustion methods for sulfur in coals and other solids. In the case of coal, one would weigh the two different coals directly into the combustion crucible. This technique is being investigated for use with other analytes such as mercury in coal and trace elements in fuels.
The method described here should significantly improve calibration while reducing the number of certified standards that must be maintained by national metrology laboratories.
